ABSTRACT We have developed a rapid screening assay that allows us to estimate the alkaline phosphatase content of mouse L-M cell colonies immobilized on polyester cloth. This permitted the identification and isolation of two mutant clones with increased constitutive alkaline phosphatase activity and six clones that fail to express this activity when treated with dibutyryl cyclic AMP. Both of the strains with increased constitutive activity have basal enzymatic activities that are 6-to 7-fold higher than the activity of the parental strain. The extents to which the cyclic nucleotide further induces alkaline phosphatase in these two strains are different, however, indicating that they represent two classes of mutants. Studies using amino acids and synthetic peptides as alkaline phosphatase inhibitors suggest that only one alkaline phosphatase isoenzyme predominates, in both the parental and the mutant cell lines, with or without induction by cyclic nucleotide. Comparison to mouse tissues indicates that our cell lines express an isozyme resembling that found in kidney and bone. The six clones that fail to express alkaline phosphatase activity when treated with dibutyryl cyclic AMP also have extremely low basal levels of the enzyme. All of these mutant strains continue to synthesize protein when treated with dibutyryl cyclic AMP and undergo growth cessation and morphological changes in the presence of this agent. Thus, the mutations all appear to affect factors specific to the expression of alkaline phosphatase activity rather than factors that affect general cellular responsiveness or permeability to dibutyryl cyclic AMP. The characterization of these strains may help elucidate mechanisms of eukaryotic membrane protein biogenesis, enzyme induction, and regulation of gene expression by cyclic nucleotides.
Membrane biogenesis in eukaryotic cells is a complex process that involves the synthesis and proper assembly of numerous proteins and lipids. While considerable progress has been made in recent years toward understanding some of the mechanisms that result in membrane protein insertion into phospholipid bilayers (1) (2) (3) (4) (5) , it seems likely that additional biosynthetic mechanisms remain to be elucidated. For instance, the biochemical events that coordinate membrane protein and phospholipid biosynthesis are not understood.
In order to examine higher eukaryotic phospholipid metabolism at a genetic level, our laboratory has developed procedures for the immobilization of somatic cell colonies on filter paper (6) or stacks of polyester cloth (7) . The immobilized colonies can be subjected to analysis by replica plating (6) , autoradiography (8) , or in situ enzymatic assay (9) . We have utilized these methods to isolate mutant clones of Chinese hamster ovary cells with defective phosphatidylcholine biosynthesis (8) , with altered phosphatidylinositol and phosphatidylglycerol levels (6, 10) , and with lowered CDP-ethanolamine: 1,2-sn-diacylglycerol ethanolamine phosphotransferase activity (9) .
We now report the isolation of eight L-M cell variants with alterations in the level of alkaline phosphatase. This protein has several properties that make it ideal for studies of membrane biogenesis. First, it is a plasma membrane marker that may be associated with phosphatidylinositol (11, 12) . In addition, alkaline phosphatase in mouse L cells [from which L-M cells were derived (13) ] is highly inducible by cyclic N6,021-dibutyryladenosine 3',5'-monophosphate (Bt2cAMP). This Bt2cAMP-inducible form of the enzyme has been purified from L cells and is known to be a plasma membrane glycoprotein (14, 15) . Furthermore, fluorogenic phosphatase substrates are available that we have used to develop a sensitive assay for alkaline phosphatase activity in L-M cell colonies immobilized on polyester cloth. We have utilized this assay to identify and purify six mutant clones that exhibit markedly diminished alkaline phosphatase activity after treatment with Bt2cAMP and two clones with increased constitutive levels. These mutant strains, as well as the parent, all exhibit characteristic morphological changes and growth cessation (16, 17) when incubated with Bt2cAMP. This indicates that they are entirely different from the Bt2cAMP-resistant mutants isolated by other investigators (18) (19) (20) ; instead, these strains must contain lesions that directly affect the expression of alkaline phosphatase activity. at 20 ,ug/ml, penicillin at 100 units/ml, and streptomycin sulfate at 100 jug/ml (referred to herein as supplemented medium). The cultures were maintained at 37°C in 5% C02/95% air at 100% humidity and were subcultured at weekly intervals, using 0.25% trypsin in phosphate-buffered saline as described (21 ,4g/ml in supplemented medium. The cells were then harvested by trypsin treatment and seeded at a density of 200 cells per 100-mm poly(L-lysine)-treated plate (7). After incubation for 1 day at 37C the cells were overlayed with polyester discs and glass beads (7) . After 6 days the medium was changed, and incubation was continued for another 7 days. The medium was then aspirated and the glass beads and discs were removed, while sterility was maintained in a laminar flow hood. The plates were flooded with 10 ml of supplemented medium containing Mycostatin at 20 units/ml and Fungizone at 2.5 t&g/ml and stored at 330C in a 5% C02/95% air atmosphere at 100% relative humidity. For determination of constitutive alkaline phosphatase activity, the discs were then frozen at -80'C until assay. Alternatively, for determination of induced alkaline phosphatase activity, the cloths were incubated for 3 days at 370C in supplemented medium containing 1.5 mM Bt2cAMP prior to freezing.
MATERIALS AND METHODS

Materials
Alkaline Phosphatase Assays of Immobilized Colonies. For each polyester disc, a 12.5-cm Whatman 50 filter paper was soaked in a solution containing 1 mM 3-phospho-2-naphthoic acid 2,4-dimethylanilide (naphthol AS-MX phosphate), 1 mM MgCl2, and 1 M 2-amino-2-methyl-1-propanol (pH 9.0) at 370C and placed in a glass Petri dish. The disc was then thawed, soaked in the above solution, and placed on top of the filter paper. A second soaked filter paper was placed on top of the disc, excess solution was aspirated, and the sandwich was incubated for 5 min at 37TC. The top filter paper was removed and placed on a model C-63B Chromato-Vue transilluminator (transmission maximum at 302 nm; Ultraviolet Products, San Gabriel, CA) and photographed by using a Polaroid model MP-4 camera with anf = 135 mm lens fitted with an orange filter. The polyester discs were fixed and stained as described (7) and alkaline phosphatase content of the individual colonies was estimated by comparison of the photograph with the stained disc.
Miscellaneous Methods. To isolate variant clones, colonies were removed from the master plates by using glass cloning cylinders and trypsin (22) . The cells obtained were purified first by repeating the above overlay technique and then by subcloning in 96-well cluster dishes. To determine [3H]leucine incorporation in vivo, cells in 60-mm dishes were incubated with 2 ml of supplemented medium containing [3H]leucine at 2 ,Ci/ ml (1 Ci = 3.7 x 10'°Bq) with or without 1.5 mM Bt2cAMP at 37°C for 4 hr. The medium was then aspirated, the plates were rinsed with 2 ml of phosphate-buffered saline, and 2 ml of 5% trichloroacetic acid was added.
[3H]Leucine incorporation was then determined as described (8) except that Whatman GF/A filters were used. For the determination of alkaline phosphatase activity, cells were harvested, washed, and assayed in the presence of 0.16% Triton X-100 as described by Firestone and Heath (14) . Enzymatic activity was measured in duplicate at single time points, using enzyme levels previously shown to give initial reaction rates with Bt2cAMP-induced RS-2 cell sonicates. Protein concentration was estimated as described by Lowry et al. (23) .
RESULTS
Identification and Isolation of Clones with Altered Alkaline
Phosphatase Activity. Single RS-2 cells proliferated into large colonies that became enmeshed in polyester overlays in a fashion similar to that observed previously with Chinese hamster 1A ). Approximately 1,400 colonies were screened in this manner, and 3 were identified as having markedly increased constitutive levels of alkaline phosphatase. Two of these were subcloned successfully; one, however, which may have been genetically unstable, failed to express the phenotype at the first stage of purification and was lost. Type 55 Polaroid film was used to photograph the assay discs to identify colonies deficient in inducible alkaline phosphatase activity ( Fig. 2A) . To find colonies with low levels of alkaline phosphatase activity, the negative was aligned over the stained polyester disc and the pattern obtained was viewed by using transmitted light. Under these conditions colonies lacking alkaline phosphatase activity appear blue, whereas normal colonies are black, thus facilitating the identification of variant colonies. Six colonies lacking inducible alkaline phosphatase activity were found in a screening of approximately 1,600 colonies, and all were subeloned successfully.
The substrate used in these assays, naphthol AS-MX phosphate, is especially suitable because the fluorescent product does not diffuse appreciably on the filter paper during the assay. We have also conducted these assays with 4-methylumbelliferyl phosphate as a substrate. This substrate was somewhat less effective than naphthol AS-MX phosphate due to increased diffusion of the fluorescent product (data not shown).
Alkaline Phosphatase Activities of Variant Clones. The candidates identified above were purified by subcloning and designated A or B followed by two numbers (Table 1 ). In this nomenclature, A or B designates a clone with either high constitutive or low Bt2cAMP-inducible alkaline phosphatase activity, respectively, and the two numbers designate, in order, the original clone and the subclone. Cells of these strains and the parent strain were then assayed for alkaline phosphatase activity after growth in monolayer culture. The parent strain has a constitutive alkaline phosphatase specific activity of 3.05 nmol/min per mg, and this is increased about 7-fold by treatment fbr 68 hr with Bt2cAMP (Table 1 ). In contrast, both of the constitutive variants have basal specific activities of about 20 nmol/min per mg, approximately the same as in the Bt2cAMP-induced parent. These strains appear to represent two distinct classes of mutants, however, because alkaline phosphatase activity in A-1-2 is induced over 5-fold by 68-hr incubation with 1.5 mM Bt2cAMP, whereas activity in A-3-3 is induced less than 2-fold by the same treatment ( Table 1) .
All of the clones identified as having low Bt2cAMP-inducible alkaline phosphatase activity also have very low constitutive alkaline phosphatase activity compared to the parent. They exhibit little (or no) increase in activity when treated for 68 hr with 1.5 mM Bt2cAMP (Table 1) . Because the enzyme levels are so low, the extent of induction of the residual phosphatase activity by Bt2cAMP cannot be accurately established.
In order to determine whether any of the strains contain an alkaline phosphatase activator or inhibitor, the experiment described in Table 2 was performed. Here, 20 ug of cell sonicate prepared from each of the mutant strains was assayed either separately for alkaline phosphatase activity or after incubation with 20 Ag of RS-2 cell sonicate. In all cases, the combined enzymatic activity was the same as the sum of the two separate activities (Table 2) , ruling out the presence of activators or in- (24) (25) (26) (27) (28) (29) (30) . It is possible that our constitutive clones contain forms of alkaline phosphatase not present in the parental strain; moreover, the form (or forms) of alkaline phosphatase present in Bt2cAMP-induced cells may differ from that present in untreated cells. To examine this, we studied the effects of alkaline phosphatase inhibitors (27) (28) (29) (30) on the activity present in cell extracts prepared from untreated and Bt2cAMP-induced RS-2, A-1-2, and A-3-3 cells. As shown in Fig. 3 , alkaline phosphatase activity in all of the strains was markedly diminished by L-homoarginine (83.6-84.8% inhibition) and L-leucylglycylglycine (63.4-69.5% inhibition) whether the cells were treated with Bt2cAMP or not. LPhenylalanine, L-leucine, and L-phenylalanylglycylglycine were much less effective but nonetheless inhibited the activity in each strain to the same extent. We also examined the effects of these inhibitors on the alkaline phosphatase activity present in partially purified extracts of various mouse tissues and of Bt2cAMP-induced L cells (Fig. 4) . Here, much greater variability was observed, reflecting the different isozymes. For instance, Lhomoarginine and L-leucylglycylglycine were both poor inhibitors of small intestine alkaline phosphatase. Kidney and bone alkaline phosphatases were inhibited by each of the compounds to approximately the same extent as the enzyme from Bt2cAMP-induced L cells, whereas the mouse liver enzyme followed still another pattern. Importantly, Bt2cAMP-induced alkaline phosphatase in L cells exhibited an inhibition pattern markedly similar to that of strains RS-2, A-1-2, and A-3-3 (compare Fig. 3 and Fig. 4 ). This is expected because the RS-2 line is itself derived from L cells.
Effects of Bt2cAMP on Growth and Protein Synthesis in Variant Clones. Cultured cells undergo marked morphological changes and slowing of growth rate when treated with Bt2cAMP (16, 17) . We observed that all of the mutant strains became flattened and filamentous when treated with Bt2cAMP, as did the parent strain (data not shown). In the absence of Bt2cAMP, all of the mutant strains and the parent strain grew exponentially with doubling times of 18-21 hr, with the exception of strain A-3-3, which doubled every 25 hr (data not shown). In the presence of 1.5 mM Bt2cAMP, the growth rates of all of the strains diminished, with proliferation essentially ceasing after 3 days (Fig. 5) . Although growth was inhibited, the variant strains and the parental strain continued to synthesize proteins during treatment with 1.5 mM Bt2cAMP as judged by incorporation (14) . Mouse tissues were removed from male BALB/cByJ mice, rinsed in phosphate-buffered saline, cut into small pieces, and homogenized in water with a motor-driven glass-Teflon homogenizer. The homogenates were extracted with an equal volume of 1-butanol (14) and dialyzed overnight against water. Assays were conducted and the results are expressed as described in the legend of Fig. 3 . In Inset: C, Bt2cAMP-induced L cells; K, kidney; F, femur (bone); L, liver; S, small intestine. Inhibitor concentrations and other abbreviations were the same as in Fig. 3 . (31, 32) . We present here an assay in which the fluorescent product is produced by colonies immobilized on polyester discs and identified after it is blotted onto filter paper. This "sandwich" procedure, which is in principle adaptable to Multiple 60-mm plates ofeach strain were seeded at a density of40,000 cells per plate at 37TC. The following day the medium was changed to supplemented medium with or without 1.5 mM Bt2cAMP.
[3H]Leucine incorporation was determined at various times as described in the text. The measurements for the untreated samples were made 21 hr after the medium was changed. a range of fluorescent substrates, offers the advantage of allowing the use of polyester disc overlays. These are less traumatic to certain fragile cell types than filter paper overlays and also allow for the simultaneous production of replica discs, thus permitting the analysis of several parameters in a given colony population (7) . We have used this fluorogenic assay to isolate two L-M cell strains with increased constitutive levels of alkaline phosphatase and six strains that have low levels of this enzyme both before and after treatment with Bt2cAMP. Both types of mutants are relatively common in mutagenized cell populations, occurring with a frequency that approximates that of inositol auxotrophs (6) . This high mutation rate and the differences in alkaline phosphatase inducibility in the two constitutive strains suggests that at least some of these strains are mutated in genes that affect the expression of the alkaline phosphatase structural gene rather than in the structural gene itself.
Several strains of Chinese hamster ovary cells that are resistant to the growth inhibitory effects of Bt2cAMP have been isolated (18, 20 
